Abstract: The aim of this study is to improve the interaction of endothelial cells with polymers used in vascular prostheses. Polytetrafluoroethylene (PTFE; Teflon) films were treated by means of nitrogen and oxygen plasmas. Depending on the plasma exposure time, modified PTFE surfaces showed water-contact angles of 15-58' versus 96" for unmodified PTFE. Electron spectroscopy in chemical analysis (ESCA) measurements revealed incorporation of both nitrogenand oxygen-containing groups into the PTFE surfaces, dependent on the plasma composition and exposure time. In-vitro biological evaluation of unmodified and modified PTFE surfaces showed that human endothelial cells, seeded from 20% human serum-containing culture medium, adhered well on to modified PTFE surfaces, but not on to unmodified films. Adhesion of endothelial cells on to expanded PTFE graft material (Gore-Tex) was also stimulated by plasma treatment of this substrate. On plasma-treated expanded PTFE, the adhering endothelial cells formed a monolayer, which covered the textured surface. The latter observation is important in view of the hemocompatibility of vascular grafts seeded with endothelial cells before implantation.
INTRODUCTION
Synthetic: vascular grafts with a relatively large inner dialmetes ( > 5 mm) are successfully employed for replacement or bypassing of stenosed or obstructe:d arteries. However, the use of small diameter prostheses is limited, predominantly because of thrombotic occ1usion.l The ideal blood contacting surface of a prosthesis would be an endothelial lining, because endothelium is the natural nonthrombogenic lining of blood vessels.2 Since in humans endothelium does not develop spontane:ously on the luminal side of a graft, seeding of autologous endothelial cells during surgery is necessary.'-" * To whelm correspondence should be addressed. Present address : Institute of Pathology, Technical University of Aachen, Klinikum der RWTH, PauwelsstraDe, D-5 100 Aachen, Germany.
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Successful endothelialization of the graft after cell seeding will only occur if the endothelial cells adhere and spread well on to the surface.4 However, results of in-vitro studies in our laboratory on the interactions of human endothelial cells with polymers revealed that endotheliall cells show a poor adhesion on to hydrophobic materials.4 Dacron@ (polyethyleneterephthalate, PET) and Teflon@ (polytetrafluoroethylene, FTFE), which are widely used for the production of vascular grafts, are such hydrophobic materials. Endothelial cells adhere well on to moderately water-wettable polymers.4 In view of this, a possible method for making hydrophobic, vascular graft materials more suitable for endothelial cell adhesion is to increase the wettability of the surface.
In the present study this concept was applied to polytetrafluoroethylene (PTFE) films and to expanded FTFE graft material. FTFE surfaces were modified by gas plasma (glow discharge) treatment which made them more wettable. The effects of this treatment on the surface composition, surface charge, and adhesion of human endothelial cells were investigated.
MATERIALS AN

Plasma treatment
PTFE films (polytetrafluoroethylene;
13 cm x 13 cm x 0 10 mm) (Fluorplast Nederland Raamdonksveer, The Netherlands) were cleaned ultrasonically for 30 minutes in a 1% (v/v) detergent solution (RBS 25) (Hicol, Oud-Beierland, The Netherlands) and extensively rinsed with distilled water and absolute ethanol (Merck, Darmstadt, Germany) . Expanded PTFE patch (ePTFE; soft tissue Gore-Tex) (W. E. Gore and Associates, Flagstaff, USA) was used as received. The gas plasma (glow discharge) treatment was performed in a Plasmafab 505 barrel plasma reactor (Electrotech, Bristol, UK). The PTFE surfaces were placed 25 mm above the inner electrode, immediately above the position of the generated plasma. The gases used were oxygen (> 99.5 % (v/v)) (Hoekloos, Schiedam, The Netherlands) and nitrogen (> 99.9990 % (v/v)) (Hoekloos). The pressure inside the plasma chamber was kept at 20 k 1 Pa for the nitrogen plasma and at 9+ 1 Pa for the oxygen plasma. The electrode power was (unless otherwise mentioned) 250 W for the nitrogen plasma and 300 W for the oxygen plasma. The gas flow of both gases was chosen in such a way that the above mentioned plasma pressures were realized. Atmospheric pressure in the plasma chamber was restored by flushing with argon ( > 99.997 % (v/v)) (Hoekloos). The treated PTFE samples were stored in hyperfiltrated water at room temperature before being used for experiments.
Contact angle measurement
Contact angles were determined by means of the captive bubble method5 20--24 hours after plasma treatment.
Zeta-potential
The zeta-potentials of the polymer surfaces were determined from streaming potential measurements in a flat plate system.6.7 measurements of * and were cultu nd ~~as~~-tr~at~~ were mounted nn a the adherent cells were detached Since the luminal surface vascular grafts as not spoilta~e~~s~y o~er~~ow~ e~d~~~e~i~rn~ which is lining of a normal blood ve ha1 cells has been propose for successful cdl n of e~~~t~e~~~~ cells commonly used material for the production of vascular grafts. Following the suggestion of Van Wachem et aL4 that adhesion and proliferation of human endothelial cells are promoted on moderately wettable polymers, we attempted to stimulate the adhesion of endothelial cells by improving the wettability of PTFE surfaces.
Plasma treatment and contact angles
Plasma treatment using nitrogen or oxygen appeared to be a very effective method of increasing the wettability of PTFE surfaces. Depending on the treatment time, modified PTFE surfaces were prepared Twith contact angles between 15 and 58", as unmodified PTFE has a contact angle of 96" (Fig.  1) .
In order to have the possibility of measuring the contact angle of the textured ePTFE patch, we had to compress this material to a flat surface (543 K, 20 MPa). Measurements revealed a mean contact angle of 1.04".
Zeta-potential
Further characterization of unmodified PTFE surfaces included zeta-potential and ESCA measurements. In spite of the clear effect of plasma treatment on the wettability of PTFE films, the zeta-potentials of the surfaces were hardly affected by modification. The zeta-potential of unmodified PTFE film was -28 mV, whereas the values of the modified films varied between -23 and -30 mV. Therefore, the differences between the zetapotentials of modified and unmodified PTFE films were relatively small. Moreover, these differences could not be correlated with the contact angles of the films. Therefore, the influence: of the zetapotentials of the modified films on the adhesion of endothelial cells to these surfaces seems to be of minor imp0rtance.r'
The unmodified PTFE surfaces had a negative zeta-potential although these surfacles do not contain charged groups. This has also been reported for other uncharged polymers like polystyrene and polyvinylchloride and is probably caused by specific adsorption of ions to the surface.
ESCA
In contrast with the results of the zeta-potential measurement, plasma treatment did influence the chemical composition of the PTFE surfaces. Comparison of the C 1s spectra of unmodified and plasma-treated PTFE films showed that the spectra changed upon plasma treatment, depending on the treatment time and plasma gas. Colmpared to the C 1s spectrum of unmodified PTFE,, the spectra of the nitrogen plasma-treated PTFE films showed an increased intensity in the binding energy region of 285-289 eV, whereas the spectra of the oxygen plasma-treated PTFE films demonstrated changes in the region of 285-286 eV. The intensity in these binding energy regions increased with increasing treatment time. The C 1s spectra of surfaces treated with one type of plasma (nitrogen or oxygen) were qualitatively the same for the various treatment times, whilst the spectra of films treated with nitrogen and oxygen differed qualitatively. These results suggest that, irrespective of the treatment time, the same modification processes occur when a particular plasma gas is used, but that these processes are somewhat different fo'r nitrogen and oxygen plasma.
Analysis of detail spectra of 0 1s and N 1s regions revealed that unmodified PTFE did not have nitrogen-or oxygen-containing groups, but plasma-treated surfaces contained such groups. The changes in the C Is spectra could be related to changes in the detail scans of the 8 1s and N 1 s regions. The increased wettability of treated PTFE films could be ascribed to this nitrogen and oxygen incorporation into the surface, for there was a strong relationship between the relative surface concentrations of nitrogen and oxygen atoms of treated PTFE films and the contact angles measure at these surfaces ESCA analysis of unmodified ePTFE patches revealed the presence of carbon and fluorine in surface, and only negligible amounts of oxygen nitrogen could be detected. These data and the hydrophobic nature of ePTFE (contact angle 104") indicate tbat these patches are not already surface treated by the manufacturer.
The thickness of the modified surface layer of plasma-treated PTFE films was determined by etching with Ar+ ions at a rate corresponding to 0.5 nm per minute for TA, It is assumed that etching rate for PTFE is out the same as Ta,O,. When 0.5 nm of the modified surface was removed most of the incorporated nitrogen an oxygen atoms was removed (Fig. 2) . The surface modifications induced by tr tment with nitrogen plasma were more restricte to the surface than those induced by treatment with oxygen plasma. After etching a layer of I nm from oxygen plasmatreated PTFE films, 20 % of incorporated nitrogen and oxygen atoms was stiff present in the surface, while after etching 1 nm from nntrogen treated PTFE films, only 5 % of t nitrogen and oxygen atoms remai vascular grafts (ePTFE; Gore-Tex) in the same way. Tre#atment of expanded PTFE patches with oxygen or nitrogen plasma improved adhesion and spreading of endothelial cells, compared to unmodified patches (Fig. 4) . Adhesion of endothelial cells on to the modified graft material was comparable to the adhesion on to TCPS which indicates the feasibility of plasma modification of ePTFE to improve endothelial cell adhesion. The difference in
In conclusion, in the present study plasma treatment of PTFE with nitrogen and oxygen appeared to be a powerful met od to increase the wettability of the surface. These plasma-treated PTFE surfaces showed excellent cell adhesion properties. It is likely that the asma-treatment method can also be applied to o er hydrophobic polymers which show poor interaction with endothelial cells.ll, l3 These may be polymers which are already in use for the production of vascular grafts or are under development nlow and will be used in the future. 12 ECM II cell adhesion between modi ePTFE patches was not as la case of adhesion experiments with modified and unmodified PTFE films. This is probably due to the porous structure of the surface of ePTFE patches which allows the cells to attach to the unmodified material. Though the surface of the ePTFE graft material is porous (internodal distance : 22 pm), endothelial cells spread completely ion the plasmatreated graft material and cov the pores. Cell spreading on the modified e I3 patches was much like the spreading of endothelial cells on the luminal surface of a preclotte canine experiments. are also important in view of hemscompatibility of seeded grafts, since platelet depositilsn experiments showed only a negligible platelet deposition on to surfaces completely covered with endothelial cel1s.l' 
